Giardia lamblia virus (GLV) is a small nonenveloped double-stranded RNA virus that infects specifically the parasitic protozoan G. kamblia. Among the many collected strains of G. lamblia, a few turn out to be highly resistant to the virus infection. Two of these strains, Ac and JH, were subjected to electroporation with the RNA from GLV-infected G. lamblia WB strain. Subsequent studies indicated the presence of GLV double-stranded RNA and GLV protein in the electroporated and propagated cells. Virus particles, released by the transfected cells into the culture medium, were capable of infecting the virus-sensitive G. lamblia WB strain. When the 'B cells were incubated with GLV at 4°C and treated with the bifunctional cross-linking reagent disuccinimidyl suberate, little GLV protein was detectable inside the cells by immunofluorescent staining. However, patches of fluorescent granules were found on the membrane surface of the cells, suggesting cross-linking of the viruses with a certain membrane component(s). Similar treatment of the resistant strains Ac and JH showed no fluorescence either inside or outside of the cells. Two other closely related parasitic protozoa, Tritrichomonas foetus and Trichomonas vaginalis, cannot be infected by GLV via either viral infection or RNA transfection. The
[35S]cysteine-labeled protein profiles in Triton X-114 extracts of G. lamblia WB, Ac, and JH were compared.
The profile of the WB strain differs clearly from that of Ac and JH. It remains to be seen, however, whether this difference is related at all to the different susceptibilities to GLV infection.
Giardia lamblia virus (GLV) is a small nonenveloped and nonsegmented double-stranded (ds) RNA virus that belongs to the genus of Giardiavirus in the family of Totiviridae (22) . GLV infects many strains and isolates of a binucleate flagellated parasite, G. lamblia, that causes intestinal infections in a very broad range of mammalian hosts. The 6.1 -kb dsRNA genome of GLV encodes a 100-kDa capsid protein and a 190-kDa gag-pol-like fusion protein by a translation frameshift (23) . The viral genome has a single-stranded RNA intermediate, representing a full-length copy of the positive strand of the dsRNA (3) , as demonstrated by successful transfection of uninfected Giardia cells with these RNA species via electroporation (2) . Mature virus particles are released into the culture medium of infected cells (20) , and GLV is the only infectious virus among all the known small dsRNA viruses isolated from protozoa or fungi (22) . The infection of Giardia cells with this virus causes no obvious effects, such as cell lysis or syncytium or inclusion body formation, which would enable visual detection of virus infection. Nevertheless, because of the high number of virus particles produced in the infected cells, this infection can be easily monitored by the presence of viral dsRNA in the infected cells by agarose gel electrophoresis or by Northern (RNA) blot analysis after extracting RNA from the infected cells (2) . GLV infection can be inhibited by the inhibitors of endocytosis such as chloroquine and NH4Cl, demonstrating that the virus probably enters G. lamblia cells via endocytosis (16) . Antisera raised in mice against the purified GLV were shown to abolish the viral infectivity (19) . Some strains of Giardia, originally free of GLV, however, were found to be resistant to the viral infection at an extremely high multiplicity of infection (MOT) of 106 particles per cell (9 MOI of 10 particles per cell (9) . These data suggest that specific receptors for the virus may be present on the surface of GLV-sensitive G. lamblia cells but missing from the resistant cells as demonstrated in the case of several mammalian viruses (6, 7) . Alternatively, the resistant strains may lack a certain cellular factor(s) important for replication of the virus (24) .
In this report we demonstrate that two GLV-resistant strains of G. lamblia could become infected with the virus via viral RNA transfection. The presence of the viral dsRNA genome as well as the expression of viral antigen were detectable in the transfected cells resulting in the productive cycle of virus replication. We also demonstrated by indirect immunofluorescence that GLV was bound to the surface of virus-susceptible cells but not to the resistant cells after the virus-cell mixtures were treated with a cross-linking reagent. These observations suggest the presence of a specific virus receptor(s) on the surface of virus-susceptible G. lamblia cells mediating the viral infection. The same receptors appear to be absent from the surface of resistant cells.
MATERIALS AND METHODS
Materials. All chemicals used in this study were (20) . G. lamblia Ac (NIH 1083-1) and JH (NIH 1182) were generous gifts from T. E. Nash of the National Institutes of Health. These strains do not contain GLV and are resistant to its infection (9) . The culturing conditions have been described previously (20) . Total RNA from GLV-infected WB cells was prepared by the hot-phenol extraction method (20) .
Two other species of anaerobic flagellated protozoan para- containing 100 mM NaCl, washed twice, adhered onto microscope slides, and subjected to indirect immunofluorescence staining as described above.
Viral infection assays. The infection assays were carried out as previously described (19) . The culture medium of trans- Ci/mol) was carried out as described previously (1) . The Triton X-1 14 detergent phase extracts of trophozoites were analyzed by sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) (4 to 15% polyacrylamide) under nonreducing conditions as described previously (13) .
RESULTS
Transfection of GLV-resistant G. lamblia with the RNA from GLV-infected cells. In the present study, one GLV-susceptible (WB) and two GLV-resistant (Ac and JH) strains of G. lamblia were used (9) . None of these three strains harbored GLV originally (Fig. IA) . Cells of the susceptible and resistant strains were each infected with the purified GLV at an MOI of 104. It is known that an infection at an MOI of 104 does not reduce the growth rate of the virus-susceptible parasite significantly (10) . The percentage of adherent and nonadherent cells in the infected cultures, which reflects the viability of G. lamblia, is similar to that in the uninfected cultures (10) . After infection, the GLV-treated cultures were allowed to grow to confluence and subjected to serial passages. Total RNA samples extracted from the cells were subsequently analyzed by agarose gel electrophoresis. No viral dsRNA was detected in the virus-treated Ac and JH cells after five subsequent passages, confirming that they are resistant to GLV infection (9) , whereas in the GLV-susceptible WB cells the viral RNA was readily detectable at 24 h postinfection (Fig. 1B) .
Electroporation experiments were carried out in parallel. purified from anti-GLV rabbit antiserum was used as the primary antibody, followed by incubation with goat anti-rabbit fluorescein isothiocyanate-conjugated secondary antibody. Bright punctate and positively fluorescent granules were found in the GLV-infected G. lamblia WB cells at 24 h postinfection ( Fig. 2A) . The fluorescent granules were present mainly in the cytoplasm, although, some of them could also be seen attached to the cell surface. The intensity of the stainings varied from cell to cell, from diffused to intense and punctate. The variation of immunostaining could be due to varying phases of virus development in different cells. The same antiserum revealed no positive signal in the resistant Ac and JH cells following an incubation with GLV at an MOI of 104 ( Fig. 2A) . Preimmune serum did not generate any fluorescent signals from any of the tested cell samples (data not shown).
Among the RNA-transfected cells, however, positive fluorescent signals were detected in all three G. lamblia strains (Fig. 2B) (Fig. 4) (Fig. 4) (4) . To compare the cell membrane surface protein profiles among the GLV-resistant and -susceptible G. lamblia in the present investigations, the cells were metabolically labeled with [35S]cysteine. The labeled proteins solubilized in Triton X-114 were analyzed by SDS-PAGE and autoradiography (13) . The results revealed differences between the susceptible and the resistant cells. The resistant cells lack a major 170-kDa cysteine-rich protein, known to be present on the surface of the virus-susceptible WB cells (12) (Fig. 5) . On the other hand, a major 105-kDa protein band present in the Ac and JH Triton X-114 extracts is missing from the extract of virus-susceptible WB cells (Fig. 5) .
DISCUSSION
We have clearly demonstrated that (i) two GLV-resistant G. lamblia strains can be readily infected by the virus via viral RNA transfection and (ii) GLV can be cross-linked to the surface of virus-susceptible G. lamblia WB cells but not to the virus-resistant cells. Therefore, (i) GLV-specific receptor(s) must be present on the surface of GLV-susceptible G. lamblia WB cells but missing from the two GLV-resistant strains and (ii) this lack of virus receptor(s) may have contributed to the mechanism of GLV resistance in the two G. lamblia strains. This phenomenon has found its close parallel in the case of poliovirus (5, 8, 14) .
On the other hand, two very closely related parasitic protozoa, T. foetus and T. vaginalis, have been shown to be GLV resistant in both the virus infection and the viral RNA transfection tests. Apparently, neither T. foetus nor T. vaginalis can provide a suitable environment for GLV replication, whereas G. lamblia Ac and JH do. This discrepancy is particularly interesting in the case of T. vaginalis because this protozoan is known to have its own specific dsRNA virus, the T. vaginalis virus (21, 22 lished, the present negative results must be viewed with some caution.
Although the mechanism of GLV invasion of G. lamblia is not at all understood other than the possible involvement of a specific receptor(s), GLV infection was found sensitive to the lysosomotropic agents chloroquine and ammonium chloride (16) . Less than 2% of the virus was recovered from the cells treated with chloroquine or ammonium chloride. Considering these results and our immunostaining data, we believe that GLV invasion is most likely mediated by a receptor-directed endocytosis in G. lamblia.
The virus-susceptible and -resistant G. lamblia strains used for the present studies belong to two different groups of G. lamblia classified by their major immunogenic surface antigens (11, 12) . The GLV-susceptible strain WB is a representative of group I and is known to possess a cysteine-rich surface antigen of 170 kDa (12) , while the virus-resistant strains Ac and JH belong to group II, which does not have this particular surface antigen. Our preliminary studies indicated also the presence of a cysteine-labeled, Triton X-114-soluble 170-kDa protein in the WB strain and not in the Ac and JH strains. Conversely, a 105-kDa cysteine-rich, Triton X-114-soluble protein in the Ac and JH strains is missing from the WB strain. It is thus highly likely that the 170-kDa protein in our hands is the 170-kDa surface antigen of group I G. lamblia. There have been six G. lamblia strains found belonging to group I (11) . Among them, WB and Isr are GLV negative but susceptible to GLV infection (9) . LT, Be2, CAT, and RS are already infected with GLV (9). Presumably, they were sensitive to GLV infection before becoming infected. Among the nine strains or isolates of G. lamblia found resistant to GLV infection in our previous studies (9) , Ac, JH, and N belong to group II whereas CM is a member of group III, which has also a profile of surface antigens distinct from that of group I (11) . The rest of the GLV-resistant G. lamblia strains have yet to have their surface antigen profiles analyzed.
All of the above information points to a possible close relationship between the 170-kDa surface antigen and the GLV receptor on the cellular membrane of G. lamblia. However, extreme caution must be paid to this hypothesis, because the 170-kDa antigen is known to undergo frequent variations during in vitro cultivations of group I G. lamblia (13) , whereas the susceptibility of G. lamblia WB toward GLV infection never changes. Fortunately, we have now cloned the full-length cDNA of the GLV genome (23) . It should not be too difficult to express the viral capsid protein in an artificial system and use it in affinity column chromatography to test for possible specific binding to the 170-kDa protein. Alternatively, it could be useful for purifying the genuine GLV receptor, with the membrane proteins from GLV-resistant G. lamblia serving as the negative control. 
